The ␦-proteobacterium Myxococcus xanthus coordinates its motility during aggregation and fruiting body formation. While searching for chemotaxis genes in M. xanthus, we identified a third chemotaxis-like gene cluster, the che3 cluster, encoding homologs to two methyl-accepting chemotaxis proteins (MCPs), a CheW, a hybrid CheA, a CheB, a CheR, but no CheY. Mutations in mcp3A, mcp3B, and cheA3 did not show obvious defects in motility or chemotaxis but did affect the timing of entry into development. Mutations in these genes caused early aggregation of starving cells, even at low cell densities. Furthermore, these mutants showed pronounced overexpression of the developmentally regulated Tn5lac fusions ⍀4403, ⍀4411, and ⍀4521 as well as overexpression of mbhA and tps, markers for peripheral rods and aggregating cells, respectively. Divergently transcribed from the che3 promoter region is another gene, crdA (chemosensory regulator of development), predicted to encode a transcriptional activator of 54 -dependent promoters. To test the hypothesis that CrdA functions as the cognate response regulator for the histidine kinase CheA3, CrdA and CheA3 were assayed and found to interact strongly in the yeast two-hybrid system. Mutant analysis showed that crdA cells were delayed in development (12-24 h) and delayed in MbhA production relative to the wild type. An mcp3BcrdA double mutant displayed the crdA phenotype, indicating that crdA is epistatic to mcp3B. We conclude that the Che3 chemotaxis-like system functions to control developmental gene expression by regulating a 54 transcriptional activator, CrdA.
cells; the aggregated cells later sporulate. Some cells remain outside of the aggregates as peripheral rods; these cells have a different pattern of gene expression than aggregated or vegetative cells and normally do not sporulate (2) . M. xanthus utilizes complex intercellular signaling to regulate different aspects of their multicellular life cycle (3) . Cells coordinate their motility to build fruiting bodies in a manner analogous to chemotaxis in Escherichia coli. However, in contrast to E. coli, M. xanthus cells move by gliding motility on a solid surface and direct their motility by controlling cell reversals. In M. xanthus, gliding motility involves extension and retraction of type IV pili (S-motility; refs. [4] [5] [6] and a hypothetical slime-extrusion mechanism (A-motility; refs. 7 and 8) .
Chemotaxis in bacteria is controlled by specialized twocomponent signal transduction systems composed of receptors methyl-accepting chemotaxis proteins (MCPs) coupled by CheW to a CheA histidine kinase and a CheY response regulator (for reviews see refs. [9] [10] [11] [12] [13] . Ligands interact with the chemoreceptor to affect the flow of phosphoryl groups from CheA to CheY. Phosphorylated CheY interacts with components of the flagellar motor, affecting the rotation of the motor. After stimulation, the chemoreceptors are modified by methylation, which attenuates the ligand-induced signaling event and thus brings about adaptation. The ability of cells to adapt to a particular stimulus over a broad concentration range (as much as five orders of magnitude) allows cells to find an optimal chemical environment. A cell's ability to respond to a large number of chemicals depends on the repertoire and specific affinities of the chemoreceptors.
M. xanthus is thought to respond to many chemical signals, including those generated by neighboring cells. Two chemosensory systems, frz and dif, have been described that control cell movements (14, 15) and have been implicated in responding to specific chemical stimuli (16, 17) . We hypothesized that additional chemoreceptors might exist to mediate the complex movements of M. xanthus. In this article we report the identification of a third chemosensory system, the Che3 system, in M. xanthus. The Che3 system was not observed to regulate motility or chemotaxis but rather developmental timing and gene expression. Previous observations suggested that chemotaxis systems affect gene expression during swarmer-cell differentiation in Vibrio parahaemolyticus (18) and E. coli (19) , pili expression in Synechocystis PCC6803 (20, 21) , fibril biogenesis in M. xanthus (22) , and virulence gene expression in Vibrio cholerae (23) . However, in these previous studies, a direct link between the CheA histidine kinase and a regulator that affects gene expression was not established. In this study, we show that the Che3 system of M. xanthus is a chemotaxis-like signal transduction system that is directly involved in the regulation of developmental gene expression. We hypothesize that the Mcp3A and Mcp3B chemoreceptors regulate the activity of the CheA3 kinase thereby modulating the activity of a 54 -dependent transcriptional activator, CrdA (chemosensory regulator of development), which controls expression of many developmental genes.
Materials and Methods
Bacterial Strains, Plasmids, and Growth. Bacterial strains and plasmids are listed in Table 1 . M. xanthus strains were grown vegetatively at 32°C in casitone yeast extract (CYE; 1% casitone͞ 0.5% yeast extract͞4 mM MgSO 4 ͞10 mM Mops, pH 7.6). Development was assayed at 32°C on clone-fruiting medium [CF; 0.015% casitone͞1 mM potassium phosphate͞8 mM MgSO 4 ͞1.5 mM (NH 4 ) 2 SO 4 ͞6.8 mM sodium citrate͞9.1 mM sodium pyruvate͞10 mM Mops, pH 7.6] (24).
were identified by BLAST searches against the nonredundant database at the National Center for Biotechnology Information (NCBI).
Cosmid Library Screen. A cosmid library containing 35-kb fragments of M. xanthus chromosomal DNA was constructed by Ron Gill (University of Colorado Health Sciences Center, Denver; ref. 25) . The library was grown, transferred to Hybond-N membrane (Amersham Biosciences), treated, and probed using standard techniques for Southern analysis (26) . A PCR probe was prepared with digoxigenin (DIG)-dNTPs (Roche Diagnostics), generating a fragment encompassing the highly conserved domain of frzCD encoding residues 192 to 378 of FrzCD. The membrane was then treated with ␣-DIG-horseradish peroxidase diluted 1:5,000 and detected by using Renaissance (NEN) chemiluminescence substrate. Fragments of interest were identified by Southern analysis using the same probe and detection method.
Construction of Mutants.
A method based on Wu and Kaiser (27) was used to create in-frame deletions in crdB, mcp3A, and mcp3B. Deletion constructs were generated by overlap extension PCR of two primary PCR products that correspond to 5Ј and 3Ј flanking regions of the target gene, respectively. The 5Ј flanking region was Ϸ750 bp up to and including the seventh codon of the ORF. The 3Ј flanking region was Ϸ750 bp downstream from and including the last 13 codons of the ORF. The constructs were subcloned into pBJ113; deletions were generated by counterselection on galactose (28) . Plasmid constructs were verified by sequencing. Chromosomal insertions and deletions were verified by PCR and Southern analysis. The resulting construct encodes a deletion protein with the N-terminal 7 residues fused with the C-terminal 12 residues. The mutation in cheA3 was created by insertion of pJK404 carrying a 750-bp fragment internal to cheA subcloned into pKY481 (29) . The mutations in mcp3A and mcp3B in the aglB1 and sglG1 strains were created by insertion of plasmids (pJK402 and pJK403, respectively) with a 750-bp fragment internal to the mcp subcloned into pKY481. The ⍀lacZ reporter constructs were generated by electroporating chromosomal DNA from the donor strains and selecting for oxytetracycline resistance. Chromosomal DNA was isolated by using DNeasy Mini Kits (Qiagen, Valencia, CA). Electroporation was carried out on a Bio-Rad Gene Pulser at 0.65 kV, 400 ⍀, and 25 F in 0.2-cm cuvettes. Cells were plated in 0.7% agar on CYE plates containing kanamycin (100 g͞ml) or oxytetracycline (10 g͞ml). CF agar plates and harvesting the entire plate at the times indicated. The culture was resuspended in water, disrupted by mild sonication, and assayed for ␤-galactosidase levels as described (30) . For spore viability, the culture was resuspended in water, incubated at 55°C for 2 h, sonicated, and plated in 0.7% agar on CYE plates. A-motility and S-motility were assessed by analyzing swarm diameter on hard (1.5%) and soft (0.3%) agar surfaces, respectively (31) . For reversal frequency and velocity, cells were grown in CYE, harvested during exponential phase, and plated at low density (Ϸ10 7 cells per ml) on CF 1.5% agar surface (32) . Individual cells were observed with a Nikon Labophot-2 microscope (ϫ40 objective) and photographed every 10 sec for 30 min with an MTI CCD-72 camera. NIH IMAGE software was used to quantify velocities, and reversals were counted over the 30-min period. At least 30 cells for each mutant were assayed. Dot Blot for RNA. The dot blot for mRNA was performed by using standard techniques (26) . Total RNA was isolated with RNeasy Mini Kits (Qiagen). One microgram of total RNA was spotted for each sample in the assay shown. The vegetative samples were obtained from cells harvested during exponential growth (100 Klett units, red filter) in liquid CYE. The 24 h developmental sample was obtained by harvesting cells from CF plates 24 h after spotting. A DIG-labeled probe equivalent to the tps gene was generated by using PCR with DIG-dNTPs. The blot was incubated with ␣-DIG-horseradish peroxidase antibody diluted 1:5,000 and detected by chemiluminescence.
Immunoblot Analysis. All immunoblot assays were performed with a Bio-Rad semidry transfer apparatus. Two micrograms of total protein was loaded for each sample analyzed. After electrophoresis, the gel was blotted onto poly(vinylidene difluoride) and incubated with ␣-Protein S or ␣-MbhA antisera diluted 1:5,000. Secondary horseradish-peroxidase-coupled antibody (Pierce) was diluted 1:10,000 and detected by chemiluminescence.
Yeast Two-Hybrid Assay. Yeast strain PJ69-4A was obtained from Philip James (University of Wisconsin, Madison) and used to test interactions as previously described (33) . Transformations were performed by using LiOAc. Both cheA3 and crdA were subcloned into the activation domain pGAD (LEU2 selectable marker) and the binding domain pGBDU (URA3 selectable marker) plasmids. Because the promoters contain only the minimal consensus sequence for interaction with the binding domain, false positives were minimized and positive interactions were discernable by growth on media lacking both adenine and histidine (33) . The positive interactions were confirmed with liquid ␤-galactosidase assays. A positive control was tested with pGAD::sipL and pGBD::snf1 (data not shown), and negative interactions are shown in Fig. 4 .
Results
To identify new chemoreceptor genes, we probed a cosmid library containing M. xanthus chromosomal DNA (25) with probes containing the highly conserved domains from the receptor genes frzCD and difA. By using these probes, we identified two previously uncharacterized genes encoding chemoreceptor homologs, designated Mcp3A and Mcp3B. We subcloned and sequenced a 20-kb fragment of DNA and discovered that these genes are located within a cluster of chemotaxis-like genes encoding homologs to CheW, a hybrid CheA, CheB, and CheR (Fig. 1) . No gene encoding a CheY homolog was identified within the 35-kb cosmid clone containing these genes.
To analyze the potential roles of these genes, we constructed an insertion mutation in cheA3, and in-frame deletion mutations in crdB, mcp3A, and mcp3B. Surprisingly, none of these mutations produced any observable defects in motility. The mcp3A and mcp3B mutations also were tested in the A ϩ S Ϫ and A Ϫ S ϩ mutant backgrounds to identify any motility defects not discernable in the wild-type background and none were observed. Furthermore, the crdB, mcp3A, mcp3B, and cheA3 mutants each displayed normal gliding velocities (4 m͞min on 1.5% agar) and reversal frequencies (every 8 min) (34, 35) . None of these mutants showed any observable growth defects. These results suggest that CrdB, Mcp3A, Mcp3B, and CheA3 do not directly control motility under vegetative conditions. Analysis of these mutants under developmental conditions, however, showed that these strains formed fruiting bodies much earlier and at lower cell densities than the wild type (Fig. 2) . Wild-type cells formed fruiting bodies after 48 h of starvation and required a high cell density (about 2 ϫ 10 9 cells per ml). The crdB, mcp3A, mcp3B, and cheA3 mutants formed fruiting bodies as early as 12 h (Fig. 2a) even at low initial cell densities (Fig. 2b) , as low as 2.5 ϫ 10 7 cells per ml (mcp3B is shown in Fig. 2) . However, early fruiting resulted in defective sporulation, as the number of viable spores formed by these mutants was Ͻ0.1% that of the wild type. Surprisingly, these mutants showed some characteristics of development on rich media. Cells growing vegetatively on standard nutrient-rich agar plates displayed the rippling phenomenon associated with development (refs. 36 and 37; Fig. 2c ) and formed fruiting-body-like aggregates containing some spores (about 200 spores from the area indicated; Fig. 2c ). Together, these results indicate that the Che3 system is involved in regulation of entry into development. We therefore hypothesize that this chemosensory pathway controls developmental gene expression.
To test this hypothesis, we analyzed the expression patterns of several previously characterized reporter genes, Tn5lac⍀4403, Tn5lac⍀4411, and Tn5lac⍀4521, expressed at 12, 5, and 2.5 h during development, respectively (30) . These reporter fusions were analyzed in a strain containing the mcp3A deletion and in the wild-type strain (Fig. 3a) . In each case, the timing and level of the reporter gene expression occurred much earlier and at higher levels in the ⌬mcp3A mutant relative to that in the wild type. In fact, all three reporters were expressed vegetatively in the ⌬mcp3A mutant background as indicated by the level of expression at 0 h in development.
We assayed the expression level of other developmentally controlled genes and found them to be altered as well. For example, Protein S (encoded by tps) is a major spore coat protein produced primarily in aggregating cells (38, 39) . Dot-blot anal- ORFs encoding cytoplasmic chemotaxis protein homologs (cheW3, cheA3, cheB3, and cheR3) are blue. The white arrows encode a nifS homolog, an ORF with no similarity to any sequence in the database, and a hypothetical protein (left to right, respectively). The transcription start site (black arrow) was identified by using primer extension, and a putative terminator was identified by using GCG StemLoop. RT-PCR confirmed that crdB-cheA3 comprise a single transcript. crdC, mcp3A, mcp3B, and cheA3 appear to be translationally coupled.
ysis showed that tps mRNA was overexpressed in the mcp3B mutant relative to that of the wild type, and immunoblot analysis showed that the corresponding protein levels also were greatly enhanced in the mcp3B mutant (Fig. 3b) . Another developmentally regulated gene is mbhA, which encodes myxobacterial hemagglutinin (MbhA). Expression of mbhA is normally localized to the peripheral rods (40) , and peak expression occurs 24 h after starvation (41) . Again, the mcp3B mutant displayed a dramatic increase in production of MbhA relative to that seen in the wild type (Fig. 3c) . The timing of MbhA production in the mcp3B mutant was similar to that of the wild type, even though the level of production was greatly enhanced. Elevated MbhA production also was observed for the crdB, mcp3A, and cheA3 mutants (data not shown). Thus, gene expression is significantly altered in the che3 mutants.
Direct control of gene expression by the Che3 system would require a factor capable of modulating RNA polymerase activity. We identified such a gene encoding a response regulator designated crdA immediately upstream and divergently transcribed from the promoter for the che3 genes (Fig. 1) . Sequence analysis shows that CrdA belongs to the NtrC family of transcriptional activators that control expression from 54 -dependent promoters (42, 43) . CrdA showed the greatest similarity over its full length to AtoC from E. coli (E ϭ 8e-96). It possesses a AAA ATPase domain and a helix-turn-helix DNA binding domain at its C terminus, hallmark features of this class of transcriptional activators.
To test the possibility that CheA3 might be the cognate kinase for the CrdA response regulator, CheA3 and CrdA were assayed in the yeast two-hybrid system for their ability to interact (Fig.  4) . Because CheA3 is a hybrid kinase possessing a receiver domain at its C terminus, both the full-length CheA3 and a truncated version lacking the receiver domain, CheA3s, were subcloned into the binding domain and activation domain plasmids for the yeast two-hybrid analysis. Growth in the absence of histidine and adenine allowed for clear identification of positive interactions, because the strain used (PJ69-4A) has different promoters driving expression from the histidine and adenine biosynthesis genes (33) . When CrdA or CheA3 were present alone, no growth occurred. However, when both CrdA and CheA3 (or CheA3s) were present together, growth occurred at apparent wild-type rates, indicating that CheA3 and CrdA (c) Effect of the mcp3B mutation on cells growing on rich medium. The colonies were Ϸ2 cm in diameter when photographed. Right shows higher magnification (ϫ5) of the mcp3B mutant. Small semitranslucent mounds (circle) were observed after 3 days in the outer edge of the growing mcp3B colony; none were observed in the wild-type colony. The corresponding area for both colonies was harvested and analyzed for heat-and sonication-resistant spores. strongly interact. The ability for these proteins to interact suggests that CheA3 is the cognate kinase for CrdA.
To assess the role of CrdA in development, an insertion mutation disrupting the N-terminal receiver domain of crdA was prepared and analyzed for its ability to form fruiting bodies after starvation (Fig. 2a) . The crdA mutant was delayed by 12 to 24 h in development; in contrast the crdB, mcp3A, mcp3B, and cheA3 mutants were 12 to 24 h early relative to the wild type. In addition, the crdA mutant showed a lag and overall lower level of production of MbhA relative to the wild type (Fig. 3c) . Thus, the phenotype of the crdA mutant suggests that CrdA acts as a transcriptional activator. It is worth noting that by 72 h the crdA mutant produced as many fruiting bodies and viable spores as the wild type.
Because the developmental phenotype of the crdA mutant is the opposite of the che3 mutants in many respects, we hypothesize that CheA3 inhibits CrdA activation. If this model is correct, then a mcp3BcrdA double mutant should display a crdA phenotype. The mcp3BcrdA double mutant was constructed and found to be delayed in fruiting by 12 to 24 h (data not shown), indicating that crdA is epistatic to mcp3B. This result supports the hypothesis that the Che3 system directly regulates CrdA, which in turn regulates developmental gene expression.
Mcp3A and Mcp3B are chemoreceptor homologs and their ability to be methylated should affect signaling. To test this, we made an in-frame deletion in the methylation system genes, cheB3 and cheR3, resulting in a ⌬cheBR3 double mutant. This mutant had the same phenotype as the ⌬mcp3A and ⌬mcp3B mutants (data not shown). These results show the importance of the methylation system for signaling through Mcp3A and Mcp3B and indicate that the Che3 system functions similarly to other known chemotaxis systems. The light blue arrow indicates a putative target gene whose expression is controlled by the Che3 system. CrdB (red) is depicted as bridging the peptidoglycan layer because the C terminus shows strong similarity to a domain within OprF known to interact with peptidoglycan (46) ; the N terminus of CrdB shows great similarity to a lipoprotein receptor. CrdC is depicted as an inner membrane protein because it has a putative transmembrane domain in its C terminus; CrdC is shown as part of the complex with the receptors because the genes for crdC, mcp3A, mcp3B, and cheA3 are translationally coupled. A signal, possibly a lipoprotein, may induce a conformational change in CrdB, which is transmitted to the CrdC-chemoreceptor complex. Subsequently, the receptor complex would alter CheA3 autophosphorylation levels in a manner similar to that observed during chemotaxis signal transduction (13) . The overall level of CrdA-P would regulate expression of target genes involved in development in M. xanthus. 4 . Yeast-two-hybrid assay for CheA3 and CrdA interaction. The assay was performed as described in Materials and Methods. The full-length cheA3 gene and a truncated version (cheA3s) were subcloned into both the activation domain pGAD and the binding domain pGBDU plasmids. Yeast cells (PJ69-4A) were transformed with the plasmids indicated and assayed for growth in the absence of histidine and͞or adenine. Only those transformants that contained both cheA3 and crdA were capable of growing (ϩϩ) in the absence of both adenine and histidine. nd, not determined.
Discussion
In this study, we show that the Che3 chemosensory system of M. xanthus seems to be dedicated to the regulation of gene expression. In this respect, the Che3 system is most similar to the vast majority of known two-component systems, which regulate transcription of target genes in response to environmental stimuli. However, it is very different from most previously described chemotaxis systems, which are two-component systems that regulate motility. None of the mutations within the che3 gene cluster showed any defect in motility. Mutations in mcp3A, mcp3B, and cheA3, as well as a ⌬cheBR3 deletion, resulted in density-independent, premature entry into development, and showed obvious defects in regulation of developmentally controlled genes including mbhA, tps, and the Tn5lac fusions ⍀4403, ⍀4411, and ⍀4521. These were surprising findings because Mcp3A, Mcp3B, CheA3, CheB, and CheR show the greatest similarity to homologs known to control chemotaxis, but not gene expression, in other organisms.
The identification of CrdA, a member of the 54 -dependent family of DNA binding proteins, and its ability to interact with CheA3, directly links the central chemotaxis components to gene expression. Based on the data, we propose a model where all components of the Che3 chemosensory system regulate the activity of CrdA (Fig. 5) . Because mutants in the Che3 system showed increased and premature expression of developmentally regulated genes, the Che3 signal transduction system must be inhibiting the expression of these genes during vegetative growth. Additionally, CheA3 was found to interact strongly with CrdA, a putative NtrC-like transcriptional regulator. Because the crdA mutant is delayed in development and crdA is epistatic to mcp3B, CrdA is most likely the primary response regulator for CheA3. In addition, mutations in the che3 system affect a large array of developmentally regulated genes, suggesting that CrdA controls the expression of a global regulator. Alternatively, the Che3 system may feed into a more elaborate phosphorelay system such as that which controls osmoregulation in Saccharomyces cerevisiae (44) 
or sporulation in
Bacillus subtilis (45) . The receiver domain of the hybrid kinase CheA3 may play a role in such a relay.
Why might a regulator of gene expression be coupled to a chemotaxis-like signal transduction pathway? Chemosensory systems may be particularly well suited for the control of developmental gene expression because of their capacity for adaptation. Adaptation is achieved by altering the level of methylation of the chemoreceptors by the CheR methyltransferase and CheB methylesterase (13) . Because the M. xanthus ⌬cheBR3 double mutant displays premature development, it seems that the ability to adapt is necessary for cells to change their pattern of gene expression in response to the complex set of intercellular signals during development.
Other microorganisms may use chemotaxis pathways to control gene expression. Several chemosensory systems have been implicated in the regulation of gene expression, including swarmer-cell differentiation in V. parahaemolyticus (18) and E. coli (19) , pili expression in Synechocystis (20, 21) , fibril biogenesis in M. xanthus (22) , and virulence gene expression in V. cholerae (23) . However, in each of those cases it is not clear whether the effect on transcription is direct or indirect. A recently discovered chemotaxis-like operon from Rhodospirillum centenum suggests a parallel regulatory circuit to that described in this article. Mutations within the R. centenum che3 operon lead to premature cyst formation, and that operon possesses a response regulator with a DNA binding domain (J. Berleman and C. Bauer, personal communication). Together, these observations suggest a more general role for chemotaxis-like pathways in the control of gene expression in bacteria.
